Abstract-The system integration of a 36 T high field resistivesuperconducting hybrid magnet system which will be used primarily for NMR studies is being finalized at the National High Magnetic Field Laboratory in Tallahassee, Florida. The hybrid magnet consists of a 23 T resistive insert coil set nested inside of a 13 T superconducting coil wound with high J C Nb 3 Sn/Cu cablein-conduit conductor. The resistive and superconducting coils are connected electrically in series and operate at 20 kA. The combined system will enable 1-ppm level uniformity in a 1 cm DSV for condensed-matter NMR at a record level of 1.53 GHz. The resistive insert has four concentric Florida-Bitter coils and operates at 14 MW. The superconducting outsert operates with forced flow supercritical helium at 4.5 K and 3.5 bar. The superconducting protection system consists of two fully independent circuits, one employing voltage averaging comparisons between winding layers and the other a voltage comparison with a co-wound coil. Initial magnet testing of the resistive coils has been completed. The superconducting cold mass has been cooled to 4.5 K and the system is being prepared for combined hybrid magnet testing.
I. INTRODUCTION

C
ONSTRUCTION of a 36-T hybrid magnet system is nearing completion and testing of the magnets, protection system, and supporting utilities have begun. The magnet is a resistive-superconducting hybrid combination which are physically connected in series and powered by a single 14 MW power supply. The superconducting coil of this Series-Connected Hybrid (SCH) is wound with high current density Nb 3 Sn/Cu cablein-conduit conductor (CICC). It is a single coil that produces a central field of 13 T. It provides a background field to a FloridaBitter resistive coil set that produces 23 T.
The SCH is geared towards magnetic resonance at fields significantly higher than what is presently available with magnets containing all superconducting coils. However high-field dc powered magnets are usually not ideal for conducting NMR experiments because of the spatial non-uniformity inherent from the resistive coils and temporal field instabilities from the power Manuscript received September 6, 2016; accepted November 8, 2016 . Date of publication November 11, 2016 ; date of current version December 1, 2016 . This work was supported in part by the National Science Foundation (award DMR-0603042) and in part by the State of Florida.
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Digital Object Identifier 10.1109/TASC.2016.2628304 supplies and thermal fluctuations [1] , [2] . The SCH improves the temporal stability somewhat in comparison to conventional hybrids that use multiple power supplies by placing the relatively large inductance outsert coil of 197 mH in series with the 9 mH resistive coils. In addition the resistive coils feature axial current density grading to improve field uniformity, with a penalty on field strength. Finally, developments using feed-back control to a dynamic correction coil has been ongoing and will be deployed in the SCH [3] . The magnet system has been installed in the dc field facility along with the existing resistive magnets and 45 T hybrid. This includes a cryosystem to deliver 4.5 K supercritical helium to the outsert coil at 3 -3.5 bar and a chilled water system to supply 25 bar at 120 l/s to the resistive coils. The protection systems for the resistive and superconducting coils expand on the existing systems and add additional redundancy for the superconducting magnet protection. Features of the SCH system design and operations are described with an emphasis on the superconducting magnet side, including protection. The results of full current testing of the resistive coils are presented as well as the plan for tests to full current of the combined system.
II. SYSTEM DESIGN
The general magnet system parameters are listed in Table I and a sectional view of the magnet and cryostat are displayed in Fig. 1 . The warm bore is 48 mm but the active and passive second order shims are designed to consume 4 mm of radial space so the user will have access to a clear bore of 40 mm. The magnet bore is not centered within the vacuum vessel to accommodate the current leads and helium and nitrogen connections. The nitrogen transfer line, vents, and control valves are clustered in one region, identified by the dished head in Fig. 1 . The helium connections and quench vents are configured in a similar manner but not pictured. The superconducting coil, or the "outsert", contains three grades of Nb 3 Sn/Cu CICC [4] and is internally cooled. Supercritical helium flows from the cryosystem through the windings in a parallel manner first. The outflow is ported through traced plumbing lines on two stainless steel end plates that sandwich the coil to aid in the cool-down process. The inner coil set contains Florida-Bitter resistive coils that consume 14 MW at 20 kA. The resistive or "insert" coils are a set of four coils, in series. Design information on them is in Table II and in [5] . The conductors are selected based on a combination of the electrical and structural requirements where the higher strength needs are more towards the inner radius. The electrical conductivity of CuAg is 73% of the pure copper standard set by the International Annealed Copper Standard (IACS) and has a stress limit of 650 MPa. CuZr has a conductivity of 88% and a stress limit of 377 MPa and Cu is similarly 96% with a stress limit of 350 MPa. The electrical and magnet cooling water connections are located underneath the magnet via the "hydrant", which helps to provide top, open-access for users. The resistive magnet vessel is a double-walled cylinder that creates a return path for the cooling water, where the inlet water first flows axially through the coil pack before reversing direction to exit out through the double wall. The resistive magnet vessel also acts as the inner bore tube of the cryostat. Thus the cryostat insulating vacuum space is outside of this resistive magnet housing.
The primary support structure of the cold mass are three stainless steel support columns surrounding the CICC coil and are positioned 120°apart from each other. They link the base plate of the cold mass to the cryostat top plate. The columns do have nitrogen thermal intercepts and are designed to support re-centering, off-normal loads from a resistive coil burn-out, up to 2 MN. Warm to cold links provide lateral stiffness from radial magnetic interactions between the two magnets. Additional information is described on a similar system in [6] .
The outsert is connected to a set of binary HTS/vapor cooled leads via a NbTi CICC [7] . The current leads contain Bi-2223 tape in a Ag-Au matrix. Sixty soldered tape stacks, containing six tapes each, lay longitudinally around a cylindrical stainless steel shunt in each current lead. They bridge the 4 K cold mass and a thermal intercept, where a small nitrogen reservoir is located. This reservoir provides vapor cooling of the current leads up to the room temperature end. The leads have been demonstrated to full current [8] prior to assembly in the final cryostat.
III. PROTECTION DESIGN
A. Superconducting Circuit
The methodology in the primary superconducting magnet protection system for the SCH is similar to that used in the NHMFL's 45 T hybrid [9] , although the electronic hardware has been modernized. In this, an emphasis is placed on cancelling the inductive voltages due to the fact that they exceed and mask the quench voltage thresholds. This is accomplished by comparing the voltage of an individual layer to the average of its neighbors. The eighteen coil layers yield sixteen voltage comparisons in the form of
where n is the layer number and α is a programmable constant to account for small differences in the inductances. The value of α is computed from ideal inductances initially but is empirically determined during low current magnet testing. The voltages in non-inductive sections such as the bus bars and joints do not compare with averages but with prescribed thresholds.
A completely redundant protection system, which was also implemented in another SCH magnet for the HelmholtzZentrum Berlin [10] , is implemented with the use of a co-wound wire. During winding of the superconducting coil, an insulated stainless steel wire was wound into the void created by the corners of the CICC. This wire forms a continuous coil of 1.4 km that spans the same number of turns and layers as the main coil. The co-wound coil matches the inductance of the main coil within one percent. The redundant system simply applies If either system detects a quench, a signal is sent to isolation breakers to open which disconnects the coils from the power supply which redirects the current through a 0.1 Ω dump resistor. The maximum voltage during a quench can reach 2 kV. This discharge time constant of the outsert is 2.1 s.
Isolation from high voltage is provided with digitizers and fiber optics. The magnet voltage taps connect to digitizer boards that are locked in a high-voltage cabinet. Connections to the protection logic circuits are linked with fiber optic cables. The signals are read by a field programmable gate array (FPGA) on a National Instruments cRIO system. The logic functions are programmed and encoded onto the FPGA. Fig. 2 shows the basic protection circuit configuration.
B. Resistive Circuit
The resistive magnet protection system not only monitors voltage but inlet water temperature, pressure drop across the coils, and preset current limits. In the event that a limit value is exceeded the power supply trips off; the breakers do not open. In this case the transport current primarily discharges through the resistive coils with a time constant of nearly 10 s. Voltage thresholds for the resistive magnet are not absolute as is the case for superconducting coils. The health of resistive coils is monitored over time by checking the measured voltage against a baseline. The coils are taken out of service for maintenance typically when they reach a deviation of 2%. The measured voltage is corrected for water temperature variations and inductive voltage for the comparisons.
IV. CRYOGENIC DESIGN AND COOL DOWN
A. Helium Circuit
At the heart of the NHMFL's cryogenic facility is a Linde LR280 helium refrigerator that has demonstrated 1 kW of refrigeration power. It is not only intended for the SCH but also to create liquid helium for various experiments performed throughout the lab and a fleet of superconducting magnets, including the outsert coils of the 45 T hybrid. The distribution of helium to the multiple points is performed with a cryogenic distribution / valve box (CDB). It also contains an internal 500 liter buffer dewar to subcool the 6.5 K helium stream from the refrigerator to 4.5 K and to help stabilize transients in the system. In particular for the SCH, it will help provide capacity to recover quickly after a power supply trip or a quench. In normal operation the return flow from the SCH is returned into the buffer dewar through a JT valve. Additional cryogenic plant details are provided in [11] .
The helium refrigerator is used to cool the SCH outsert down only when it is less than 80 K. Cool-down from temperatures above 80 K is done using a separate "80 K cold box" which is a nitrogen heat exchanger that intercepts heat from the recirculated helium flow. Cool-down traces are shown in Fig. 3 . The flow through the 80 K cold box was typically 4-5 g/s total with an inlet pressure of 11 bara. This cool-down was the first time in which the helium refrigerator delivered 4.5 K helium to the SCH, thus the cool-down was held for a few days at 80 K to avoid any disruption to science experiments that were occurring in the 45 T Hybrid magnet. Temperatures are measured with Cernox sensors which are mounted to copper lugs brazed to the stainless steel helium plumbing lines. The temperature measurements agree very well with resistance measurements taken across some of the coil layers, assuming a RRR of 100.
The eighteen winding layers form eighteen parallel cryogenic flow paths. Three control valves were incorporated into the helium circuit, as depicted in the diagram shown in Fig. 4 , separating the inner, center, and outer winding layers. The purpose is to be able to throttle back flow to any layer that would be experiencing overcooling and balance flow during cool-down. In the cool-down of the SCH, the valves were all positioned to full open and there was no need to reduce flow to any circuit because the layer temperatures were adequately balanced. Temperature difference limits of 50 K across the coil were established during the cool-down but the maximum difference observed was under 10 K. The valves may be used during magnet ramping to increase cooling if particular layers require it.
B. Nitrogen Circuit
The nitrogen thermal shields are fed directly from the house nitrogen system and separated into three sub-circuits. One circuit consists of the traced-tube shields that surround the cold mass and current leads; the upper end shield is pictured in Fig. 5 . A second contains the bore shield which is constructed of welded and expanded cylinders, also pictured in Fig. 4 . The third circuit contains thermal intercepts to the cold mass support columns. Any nitrogen boil-off exits through cryogenic phase separators.
The nitrogen reservoir shown in Fig. 1 is a 20 liter buffer supply for the current leads. It connects to small 0.08 liter reservoirs contained within each current lead. The boil-off vapor cools the resistive section of the current leads. The level of the supply reservoir is controlled with feedback from a capacitance level sensor. There is a negligible pressure difference between the reservoirs thus the liquid nitrogen levels in the current leads are essentially the same as the supply reservoir level. The flow schematic is shown in Fig. 4 .
Since much of the cooling power came from the CDB and helium refrigerator, it was not necessary to initially fill the thermal shields with nitrogen prior to cool-down of the cold mass. The process was to keep the shield temperatures less than but no more than 10 K less than the cold mass temperature. This restricted the nitrogen boil-off and prevented excessive icing of the vent lines.
V. MAGNET TESTING
A. Insert Only Testing
The insert coils were tested to full current prior to cooldown and installation of the superconducting magnet protection system. The baseline voltage data used in the resistive magnet protection came from the magnet design calculations because the "insert only test" was a virgin run of the magnet. Fig. 6 contains the expected and measured resistance of the innermost coil A; the results of the other coils have similar pattern. The calculated results shown include the effect of the outsert coil but the measurements do not. The differences observed here are expected to decrease with the influence of the outsert coil.
B. Combined Magnet Testing
Testing of the combined, hybrid magnet system will occur in multiple phases. The first phase will be done at low energy levels with current less than 3.5 kA to test the protection system, safety interlocks, breakers operation, and power supply control. Once successfully demonstrated, the magnet will be brought to higher currents in multiple steps. A breaker opening at full current is planned. Once the magnet testing is concluded, the commissioning of the science instrumentation commences, including the installation of the feedback coil, room temperature shims, NMR probes, and console.
VI. CONCLUSION
The system integration of a new hybrid magnet system for NMR science at 1.53 GHz/36 T has been completed. The first phase of magnet testing has also been completed with the resistive insert coils being brought to full current. The cold mass has been cooled to 4.5 K and the system is ready for combined magnet testing.
